Introduction
Childhood trauma resulting in traumatic brain injury (TBI) due to accidents and abuse is the major cause of death and dysfunction in young children and is a significant public health problem [1, 2] . After TBI, complex changes to the immature central nervous system (CNS) occur due to injury processes interacting with ongoing brain development. This is important in both the acute and the recovery/regenerative phases of injury. For example, recent rodent studies in pediatric TBI and previously in hypoxia/ischemia have demonstrated age-dependent vulnerabilities of the developing brain where successful therapeutic manipulations used in adult rats are harmful to normal development [3] . These data suggest that the developing brain may respond to injury and treatment differently than the adult brain.
Many of the changes in response to brain injury and treatment ultimately occur at the protein level by alterations in protein expression/degradation, protein-protein interaction and protein functional activity. The examination of pediatric TBI CNS protein function is more complex since the brain progresses through developmental stages using many of the same intracellular protein signaling pathways that are frequently altered by injury [4] . Since injury-induced protein changes are superimposed upon developmental protein changes, it has been proposed that global proteomic approaches may be even more important in the study of experimental pediatric TBI [4] .
Prior study has demonstrated the utility of both conventional and functional large-format 2-dimensional gel proteomic approaches in examining acute (24 h) injury-related protein changes in the controlled cortical impact (CCI) model in postnatal day (PND) 17 rats [4] . Based upon synaptic and behavioral functional development, this rodent age is approximately equivalent to a 7-month-to 1-year-old child [4] [5] [6] . In this 'acute' proteomic study of moderate pediatric TBI, decreases in oxidative and endoplasmic reticulum stress proteins were unexpectedly seen, as well as decreases in protein kinase B activity important in survival, growth, glucose metabolism and synaptic plasticity [4] . Interestingly, this injury results in spatial memory impairment when tested 2 weeks after injury [7 , unpubl . observations]. Thus, 14-day survival after CCI is an important survival time to evaluate functionally important protein changes in this model that may be related to cognitive dysfunction. Based on these data, the present study evaluated global protein changes after the same moderate CCI injury in PND 17 rats using 2-dimensional difference gel electrophoresis (DIGE) and mass spectrometry 2 weeks following injury. The objective of the present study was to expand the postinjury time course that has previously been examined in order to understand the more chronic response of global protein changes after experimental pediatric TBI.
Methods

Model
Twelve PND 17 male Sprague-Dawley (Harlan) rats (approximately 35 g) were randomized into sham or injury groups (n = 6/group). Animals underwent surgery to produce a unilateral 7-mm circular craniotomy midway between the bregma and lambda suture lines with the medial edge of the craniotomy 1 mm lateral from the coronal suture over the left cortex under isoflurane anesthesia. A focal TBI to the left cortex was produced by moderate CCI using a 6-mm-diameter pneumatic piston device at a velocity of 4 m/s and a brain deflection depth of 2 mm resulting in cortical damage but sublethal overt hippocampal injury [4, 8] . Immediately after CCI, the bone flap was replaced with dental cement, the incision sutured and anesthesia discontinued. Core temperature was maintained at normothermia throughout surgery, and rat pups recovered in a warmed cubicle for several hours before subsequently being transferred back to their dams. The Institutional Animal Care and Use Committee at the University of Pittsburgh in compliance with National Institutes of Health guidelines approved the experimental protocol.
Two weeks after injury, animals were decapitated under 4% isoflurane anesthesia, and the rostral half of the left dorsal hippocampus ipsilateral to the impact was rapidly dissected and frozen in liquid nitrogen. Both sham and injured ipsilateral hippocampi were briefly rinsed in cold isotonic saline before freezing to reduce brain contamination with blood proteins. Frozen samples were stored at -80 ° C for subsequent 2-dimensional gel analysis.
Parallel studies of 2-week histopathology in rat pups were not evaluated, but previous studies of ipsilateral impacted hippocampus with survival times of 24-72 h after injury have revealed no overt hippocampal neuronal death at this injury level in our PND 17 CCI model [4, 8] .
Protein Separation
Frozen hippocampi were processed for protein separation and analysis using the Ettan 2-dimensional fluorescence DIGE system at Windber Research Institute Amersham Proteomics Facility (Somerset, Pa., USA). Briefly, independent sham (n = 6) and injured (n = 6) hippocampi ipsilateral to injury impact were individually solubilized, and each group was labeled with a different cyanine fluorescent dye (Cy3 for sham, Cy5 for TBI), mixed in pairs, and coseparated by 2-dimensional electrophoresis. The DIGE method separately labels each hippocampal sample and then mixes one sham with one injured sample (paired sample) so that each paired sample is run together on one gel resulting in six 2-dimensional gels containing one sham and one injured paired sample [9] . First-dimension separation of samples, based on isoelectric point, was performed by isoelectric focusing. Second-dimension separation based on molecular mass was performed by vertical large-format SDS-PAGE. Each gel yielded two separate images representing a sham or injured sample when illuminated by different wavelengths of light ( fig. 1 , 2 ) . Gel images were digitally converted to grayscale images and transferred to a UNIX workstation for subsequent analysis of spot densities ( fig. 2 ) . The gels were also stained with Sypro Ruby to visualize the total protein in each gel from both samples.
Image Analysis
Semiquantitative image analysis was performed using BioImage 2-dimensional analysis software (version 6.3, Genomic Solutions, Inc., Ann Arbor, Mich., USA). Spots were identified, manually edited and matched between image pairs by defining common anchor points and applying a constellation-matching algorithm. After normalization of images using the ratio of total intensity of all matched proteins in each gel, differences in intensity were calculated for each spot on every pair of images [4] .
Statistical Analysis
A mean of approximately 300 protein spots (302 8 54) per sample (n = 12) was resolved in each large-format (22 cm) gel. Approximately 87% (263 8 525) of the 300 spots were matched between gels from each sample pair. First, protein identification using gel matching with known databases was performed. Then, proteins found in all six gel pairs with mean changes (17 proteins) greater than 25% had their identities confirmed using mass spectrometry as well as some other proteins of interest. Statistical analysis using StatView software consisted of a nonparametric one-sample sign test with a hypothesized value of 0 for all identified proteins with at least 1.25-fold change across all six gel pairs. Results were reported as a list of spots that increased or decreased in intensity after injury at a given confidence level (p ! 0.05) ( fig. 3 ).
Protein Identification
Protein spots were identified by gel matching with existing protein databases and mass spectrometry. Individual spots with greater than a 25% change in spot intensity or targeted proteins that changed in our acute study [4] across all six gel pairs were selected and punched from the original gels using Ettan Spot Picker automation, digested with trypsin and subjected to MALDI-TOF and/or Q-TOF mass spectrometry for identification confirmation at the Windber Research Institute Amersham Proteomic Facility. Protein sequence coverage and protein identification was determined using the Mascot search engine developed by Matrix Science (http://www.matrixscience.com/).
Results
Protein Changes
Proteins that showed significant changes are shown in a representative gel pair in figure 1 , and the relative changes in spot intensity (mean 8 SEM) between groups are shown in figure 3 . Four paired gels from the six gel pairs used in the study are shown in figure 2 for relative visual comparisons of the representative raw gel data. The Sypro Ruby-stained gels serve as a reference sample of both paired sham and CCI samples together to allow for the visualization of the spatial correlation between each paired sample and the image of the total proteins combined from each sample when imaged in the same gel.
Proteins Important in Energy Metabolism and Mitochondrial Function
The most unexpected and potentially important protein changes found at this injury level were decreases in pyruvate dehydrogenase (PDH) E1 ␤ -and ␣ -subunits in CCI compared with sham ( fig. 1 , 3 ). PDH E1 ␤ was decreased by -35 8 7% and PDH E1 ␣ was diminished by -31 8 6%. In addition to PDH, two isoforms of the outer mitochondrial membrane porin protein family, decreases in voltage-dependent ion channel 1 (VDAC1) (-17 8 4%) and VDAC2 (-20 8 5%) were found ( fig. 1 , 3 ). Four gel pairs with individual grayscale images of the sham Cy3 dye and CCI Cy5 dye stained gels and a corresponding composite Sypro Ruby-stained gel of each paired sample. The Sypro Ruby-stained gel serves as a reference sample of both samples together to allow for the visualization of the spatial correlation between each paired sample and the image of the total proteins combined from each sample when imaged in the same gel. Gel quality used for the study and relative visual differences can be seen. Each column represents a single DIGE gel with a sham image (top row), injury image (middle row) and composite image (bottom row).
Synaptic Function Proteins
No change was seen in the abundant synaptic proteins, synapsin I and II, or ␣ -synuclein. However, a significant increase in the important vacuolar ATPase ␣ -subunit (27 8 7%), critical in synaptic vesicle recycling and intracellular vesicle transport, was observed ( fig. 1 , 3 ) . In contrast, a significant decrease in ␤ -synuclein (-31 8 6%) was seen ( fig. 1 , 3 ) . A trend for increased synaphin 1 was found, but the protein was not resolved in all gel pairs and thus could not obtain statistical significance. The chloride intracellular channel protein 4 (CLIC4) which may also be involved in synaptic vesicle endocytosis ( fig. 1 , 3 ) was decreased as well (-29 8 7%). Two proteins involved in the glutamate-glutamine cycle were also resolved, namely, glutamate dehydrogenase and glutamine synthetase. Glutamate dehydrogenase (33 8 5%) and glutamine synthetase (17 8 2%) were moderately increased ( fig. 1 , 3 ) .
Oxidative Stress Proteins
Changes in oxidative stress-related proteins were also found 2 weeks after injury. Decreases in both cytoplasmic CuZn superoxide dismutase 1 (SOD; -42 8 5%) and mitochondrial manganese SOD 2 (-27 8 7%) were seen ( fig. 1 , 3 ) . In contrast, nonsignificant changes for mito- chondrial peroxiredoxin 2 and endoplasmic reticulum protein disulfide isomerase were observed ( fig. 1 , 3 ) .
General Structural and Stress/Chaperone Proteins
The ubiquitous cytoplasmic and mitochondrial stress proteins, the 70-kDa heat shock protein (HSP70) and the mitochondrial 60-kDa heat shock protein (HSP60), showed moderate increases of 35 8 3 and 27 8 3%, respectively ( fig. 1 , 3 ) . However, the endoplasmic reticulum stress protein, the glucose-regulated 78-kDa protein (GRP78), did not show a significant change. The 14-3-3 ␥ -isoform displayed a moderate increase (88 8 39%), while changes in actin and tubulin structural proteins were not observed. In contrast, the glial structural and stress proteins, vimentin and glial fibrillary acidic protein (GFAP), showed larger significant increases in spot density of 476 8 129 and 323 8 52%, respectively ( fig. 1 ,  3 ), indicative of a glial stress response.
Discussion
Protein changes seen 2 weeks after pediatric brain injury with 2-D gels have to be cautiously viewed on the basis that they could be adaptive as well as maladaptive. Changes in 2-D gel protein levels could be regulated at a transcriptional, translational or posttranslational level and/or a consequence of altered mRNA processing and nucleo-cytoplasmic exchange. When more extended survival times are encountered, the likelihood of adaptive changes in protein function increases. Thus, it is sometimes impossible to differentiate adaptive from maladaptive protein changes without having a comprehensive understanding of the many other proteins involved in their function and regulation. Such data are seldom, if ever, provided by current proteomic approaches since each method only provides a partial and incomplete snapshot of the comprehensive global protein picture. As a consequence, caution should be exercised as to not overinterpret such protein data.
However, with this in mind, many of the protein changes observed in this study 2 weeks after moderate pediatric brain injury, while somewhat modest in magnitude, could be very important to the ongoing pathophysiology, recovery, and development of the injured immature brain. Significant changes in key proteins associated with the synaptic vesicle cycle, neurotransmitter synthesis, oxidative metabolism, stress response, antioxidant function and cellular signaling were found 2 weeks after brain injury. Of particular interest were the chronic changes seen in both glial and neuronal stress proteins, the PDH E1 ␣ -and ␤ -subunits and vacuolar ATPase and their potential roles in spatial memory dysfunction 2 weeks after injury. Interestingly, from the changes seen 2 weeks after moderate pediatric CCI, only Cu/Zn SOD was also found to change at 24 h after moderate pediatric CCI [4] . These results document chronic global protein changes even 2 weeks after pediatric brain injury that may contribute to ongoing metabolic, signal transduction and behavioral morbidity. Additionally, even the limited fingerprint of protein changes seen with 2-D gel analysis after pediatric CCI suggests different patterns of protein changes compared with more acute time periods (24 h) analyzed previously with a comparable injury [4] .
PDH Changes
PDH is the rate-controlling enzyme of cellular oxidative bioenergetics, and the PDH complex is composed of a multi-enzyme complex of many protein subunits [10] . Decreases were observed in the DIGE levels of both the E1 ␣ -and ␤ -subunits of PDH. Interestingly, PDH activity is modulated by phosphorylation (inactivation) and dephosphorylation (activation) of the PDH E1 ␣ -subunit [10, 11] . Thus, decreases in the ␣ -subunit DIGE gel spot may be due to migration secondary to a changed phosphorylation status, which could either increase or decrease overall PDH activity 2 weeks after pediatric TBI in the present model. Currently, we have not yet examined the PDH E1 ␣ phosphorylation status and do not know which possibility occurs. However, this does not account for the decrease in the PDH E1 ␤ -subunit. The PDH complex is also quite sensitive to oxidation [12, 13] , and, given our evidence for oxidative stress occurring at this time after pediatric injury (based upon changes in SOD), the mechanism for decreases in both PDH E1 ␣ -and ␤ -subunits may be the consequence of prior or continued protein oxidation.
If the observed PDH changes result in decreased PDH activity, this could potentially make the injured brain more sensitive to secondary insults that further challenge brain bioenergetic reserves. This finding was unexpected 2 weeks after injury and demonstrates that the window for such secondary complications may be persistent. In addition to the implications for changes in PDH activity for metabolic challenges to the injured brain, such changes may also affect PDH contributions to brain plasticity. The ability of mitochondria to regulate cellular-free calcium levels has been linked to mitochondrial PDH changes [14, 15] , even under normal physiological conditions. In fact, a potential molecular mechanism for long-term potentiation (LTP) [16] was proposed due to changes in neuronal calcium buffering via altered mitochondrial PDH activity [14] . Decreased activity of PDH after pediatric TBI could also affect synaptic functions mediating LTP and long-term depression (LTD) by increasing the pool of monocarboxylates such as lactate and pyruvate, which are known to affect both hippocampal LTP and LTD [17] . Both LTP and LTD are believed by many to represent the electrophysiological correlates of molecular changes in synaptic efficacy used in CNS memory and learning formation [16] .
Furthermore, a moderate decrease in basal function of PDH impacts downstream end product biosynthesis important for key neurotransmitter function. PDH-catalyzed reactions provide acetyl-CoA that can be converted to acetylcholine via the reaction with choline catalyzed by choline acetyltransferase or glutamate via the TCA cycle as well as transamination of ␣ -ketoglutarate, which is also the precursor for ␥ -aminobutyric acid [18] . Thus, changes in chronic PDH activity may alter the neurotransmitter pools of several key brain neurotransmitters 2 weeks after pediatric TBI, contributing to transmitter-related functional morbidity including learning and memory deficits.
Glutamate-Glutamine Cycle
Increases in glutamate dehydrogenase 1, also known as memory-related protein 2 as it is induced in the hippocampus during Morris water maze training (http:// ca.expasy.org/uniprot/P10860), and glutamine synthetase indicate changes in the glutamate-glutamine cycle after pediatric TBI. In contrast to neuronal pyruvate, astrocytic pyruvate can enter the TCA cycle as either acetyl-CoA or by carboxylation via pyruvate carboxylase. This generates a new molecule of oxaloacetate, which, when combined with acetyl-CoA, forms citrate and ultimately ␣ -ketoglutarate and glutamate in astrocytes [18] . Astrocytic glutamate is converted to glutamine, which is transported back to neurons via the glutamate-glutamine cycle and hydrolyzed to form neuronal glutamate. Glutamate released as a neurotransmitter is taken up by astrocytes where two thirds are converted to glutamine by glutamine synthetase and returned to neurons. One third of astrocytic glutamate is reconverted back to pyruvate via the TCA cycle [18] . Increases in glutamate dehydrogenase and glutamine synthetase following pediatric TBI 2 weeks after injury may represent an adaptation to handle the excessive neuronal glutamate release that occurred after injury. Additionally, based upon the well-documented role of glutamate in LTP and learning and memory [16] , changes in the glutamate-glutamine cycle may affect subsequent glutamate pool size and neurotransmission, and thus, contribute to altered cognitive function after pediatric TBI.
Chronic VDAC Isoform Changes
Three VDAC isoforms (VDAC1, VDAC2 and VDAC3) make up the porin protein family, which are the highest copy proteins of the mitochondrial outer membrane. Each isoform has slightly different channel functions which gate a number of ions and metabolites such as calcium and ATP [19] . VDAC1 has been proposed to play a role in the formation of the mitochondria permeability transition pore and cell death. VDAC1 changes have been implicated in a number of brain pathologies [20] . In contrast, the VDAC2 isoform has also been implicated in cell survival by binding to pro-death molecules such as BAK [21] . Thus, changes in porin levels may impact the resistance of mitochondrial mediated death cascades after pediatric brain injury. Since decreases in both VDAC isoforms were found, reduced VDAC1 may be pro-survival since decreases may diminish the formation of mitochondria permeability transition pore, and decreased VDAC2 may be pro-death since binding of pro-death molecules would be reduced. However, since hippocampal neuronal death was not a feature of the injury level used in the present study, other mitochondrial porin functions may be more important. Recent study has shown that spatial memory function is disrupted in porin-deficient mice [19] , which may implicate a role of these more persistent changes in VDAC1 and VDAC2 in the cognitive deficits seen after pediatric TBI [5, 22, 23] .
Synaptic Vesicle Cycle Proteins
Vacuolar-H + ATPases (V-ATPases) are enzyme complexes that maintain the vesicle pool by reacidifying and refilling recycled vesicles with neurotransmitters. The hydrolysis of ATP by V-ATPase produces a proton gradient inside synaptic vesicles that is used by neurotransmitter-proton antiporters to uptake neurotransmitters [24] . V-ATPases in the vesicle and presynaptic membrane may also regulate neurotransmitter release from mature vesicles by forming new vesicular fusions and ensuring that only fully filled vesicles are released. This preserves the quantal nature of neurotransmitter release [24] . Functional V-ATPases are also found in glia and contribute to transmitter uptake functions [25] . Changes in V-ATPases may further alter vesicle reacidification, refilling and recycling, resulting in changes in the resting vesicle pool. As a result, disruptions in fusion pore activity may cause abnormal release of unfilled vesicles, altered fusion events, altered neurotransmitter release and an altered response to neurological stimuli [24] . Increased V-ATPase levels following pediatric TBI may be a compensatory mechanism to reduce neurotransmitter dysfunction after TBI [26] . Any posttraumatic change in transmitter function likely influences synaptic plasticity and cognitive behavior.
In addition, decreases were observed in the CLIC4. While less is known about the functions and regulation of CLIC4, brain CLIC4 binds dynamin I and may also be involved in synaptic vesicle endocytosis, cell membrane remodeling and control of cell shape [27] . CLIC4 decreases after injury may reflect injury-related maladaptive synaptic vesicle endocytosis or membrane reorganization associated with learning and memory deficits observed after pediatric TBI.
Stress Proteins
Changes persisted at 2 weeks in the chaperone proteins HSP70 and HSP60. Following pediatric TBI, a rapid upregulation of HSP70 occurs [28] . HSP70 assists in a large variety of protein-folding activity in the cell, including folding of nascent proteins that could act in repair and regeneration and refolding of misfolded proteins damaged by injury. Evidence suggests HSP70 is neuroprotective [29] . HSP70 also interacts with HSP60 in the mitochondrial import of mitochondrial proteins [30] . HSP60, a mitochondrial matrix protein induced by stress, plays a key role in preserving the integrity of the mitochondria by properly folding proteins in the matrix and participating in protein import [30] . Increases in these proteins at 2 weeks could indicate a chronic, adaptive stress response persisting into chronic stages of injury. The lack of changes in glucose-regulated 78-kDa protein indicates that endoplasmic reticulum stress is minimal compared with the cytosolic and mitochondrial compartments at this stage of injury.
GFAP and Vimentin
Large increases were observed in the expression of astrocyte intermediate filament proteins (GFAP and vimentin) 2 weeks after injury. These findings suggest a persistent glial stress response to pediatric TBI 2 weeks after injury. GFAP is a glial stress protein as well as a cytoskeletal protein [31] . Increases in GFAP and vimentin 2 weeks after injury may suggest sustained efforts by astrocytes to provide trophic support for recovery [32] .
Synucleins
Significant decreases were observed in ␤ -synuclein while no change was observed in expression of the ␣ -isoforms after pediatric TBI. Interestingly, TBI has been implicated as a risk factor for neurodegenerative disease, and increases in the ratio of ␣ -to ␤ -synucleins, as observed in this model 2 weeks after injury, have been implicated as a potential mechanism for placing the brain at long-term risk of synucleopathies [33] . While the normal functions of synuclein proteins are still ill defined, preliminary evidence suggests that synucleins play an important role in the developing mammalian nervous system, particularly in synaptic function. These proteins are expressed in differentiated neuronal cells and are thought to support experience-dependent turnover of synaptic membranes, which may be important for enduring memory and learning functions [34] . Thus, changes seen in synuclein isoform levels and/or posttranslational modification status after pediatric TBI may affect synaptic and, in turn, cognitive function following injury.
14-3-3 Activity
There are seven 14-3-3 isoforms, including five major CNS isoforms, with at least one hundred 14-3-3-binding partners involved in signal transduction, cell cycle regulation, apoptosis, stress responses and malignant transformation [35] . 14-3-3 is a signaling protein involved in protein localization and regulation. Binding is primarily phosphorylation dependent; therefore, 14-3-3 interactions are largely regulated by the kinases and phosphatases that modulate the phosphorylation state of their target proteins [35] . To name but a few, protein kinase A, protein kinase C, calcium calmodulin kinase I, checkpoint kinase 1, checkpoint kinase 2, protein kinase B and ribosomal p90-kDa protein kinase phosphorylate sites mediate 14-3-3 binding; hence, the effect of 14-3-3 on a biological process will be related to the signaling pathway of the particular kinase family that it is interacting with at that time [35] . The increase in the 14-3-3 ␥ -isoform 2 weeks after pediatric TBI suggests a compensatory modulation of any of the above cell signaling pathways, many of which participate in cognitive processes [16] . In fact, 14-3-3 ␥ -isoforms have been implicated in cognitive signal transduction after TBI [36] and changes in 14-3-3 ␥ could contribute to plastic and cognitive changes after pediatric TBI.
SOD Activity
Decreases were noted in both cytoplasmic and mitochondrial superoxide dismutases. Since CuZn SOD 1 (cy-toplasmic) and manganese SOD 2 (mitochondrial) are known antioxidant proteins, these changes have functional implications for the regulation of cellular concentrations of reactive oxygen species following TBI. The immature brain has been shown to be particularly susceptible to oxidative stress following an excitotoxic injury [37] . Decreases in superoxide dismutases may constitute a compromised capacity to reduce free radicals, and therefore, the brain may be more vulnerable to oxidative stress for weeks after pediatric TBI. Furthermore, since redox state regulates the activity of many of the signaling proteins involved in LTP and cognitive function [16, 38] , any change in cellular redox status has important ramifications on cognitive signal transduction pathways [16, 38] .
In summary, these findings collectively suggest longterm changes in a number of key proteins that may modulate behavioral and metabolic morbidity and/or participate in the repair phase of injury after pediatric TBI. Of particular interest are changes in PDH and synaptic vesicle proteins that have not been previously identified in TBI pathology.
